a Mg(BH 4 ) 2 exhibits a high hydrogen content of 14.9 wt% and thermodynamic stability in the overall decomposition reaction that corresponds to hydrogen desorption at around room temperature.
Introduction
Hydrogen is regarded as a clean energy carrier for the future.
1,2
Achieving safe and efficient hydrogen storage is one of the key technological challenges for the wide use of hydrogen as a fuel. Metal borohydrides, with high gravimetric and volumetric densities of hydrogen, have been extensively investigated for solid state hydrogen storage. [3] [4] [5] Among them, magnesium borohydride, i.e. Mg(BH 4 ) 2 , shows a hydrogen capacity of 14.9 wt% and an attractive enthalpy change of À39 kJ mol À1 H 2 in dehydrogenation according to eqn (1).
6-8
Mg(BH 4 ) 2 / MgB 2 + 4H 2
Although the dehydrogenation enthalpy change allows for hydrogen desorption at around room temperature, the major dehydrogenation reaction was observed above 250 C.
9-11
Rehydrogenation of MgB 2 requires high hydrogen pressure and high temperature (e.g. 95 MPa H 2 , 400 C). 12 Numerous studies have revealed that the decomposition reaction (1) 
15
An effective approach to accelerate the reaction kinetics is to reduce the particle size and form nanomaterials. [16] [17] [18] [19] The faster kinetics is attributed to the shortened diffusion distances and lowered activation energy. By ball milling of MgB 2 in a high pressure hydrogen atmosphere, nanostructured Mg(BH 4 ) 2 was formed with enhanced hydrogen desorption properties.
20,21
Incorporation in a nanoporous scaffold can be used to avoid sintering in the de-/absorption cycles of nanostructured Mg(BH 4 ) 2 .
22,23 Inltration of Mg(BH 4 ) 2 in activated carbon via wet impregnation was carried out, resulting in a reduced hydrogen release temperature. 22 The drawbacks of solvent residue and unconned Mg(BH 4 ) 2 were reported in this method. In recent research, the temperature of hydrogen desorption was reduced to 155 C by combining nanoconne-ment and a Ni catalyst. 
To investigate the inuence of different carbon additives, carbon aerogel (porous structure) and graphite (nonporous structure) were compared.
We observed the formation of nanostructured Mg(BH 4 ) 2 , which exhibits a lower temperature for hydrogen release as compared to bulk Mg(BH 4 ) 2 . Re-formation of the nanostructured Mg(BH 4 ) 2 also occurred under mild conditions.
Experimental
Carbon aerogel (CA) was synthesized through resorcinol-formaldehyde condensation. 27 In a typical experiment, 0.9 g of CA or KS-6 was mixed and ground with 0.1 g of MgH 2 in a mortar to obtain a mixture with 10 wt% MgH 2 . The mixture was placed in a graphite cup which was inserted in a stainless steel sample holder. The sample was then heated in a tubular oven at 10 C min À1 to 658 C and dwelled for 24 min under an Ar ow.
Hydrogenation of the samples was performed at 80 bar H 2 and 300 C for 10 h in an autoclave (Parr). The obtained MgH 2 supported on carbon aerogel (CA) and on non-porous graphite (KS-6) are labeled as MH-CA and MH-KS6, respectively. All samples investigated in this study are listed in Table 1 . N 2 -physisorption (Micromeritics TriStar 3000) was performed at 77 K for porosity analysis. The total pore volume was obtained at P/P 0 ¼ 0.997. The samples were prepared in a capped quartz sample tube in the glovebox and were directly measured. The mesopore size distribution was analyzed with the Barrett-Joyner-Halenda (BJH) method from the adsorption branch of the isotherm with a carbon black thickness equation as reference.
X-ray diffraction (XRD) measurements were performed using a Bruker D8 diffractometer equipped with a Goebel mirror selecting Cu Ka radiation (l ¼ 1.5418Å) and a linear detector system (Vantec). Samples for XRD measurements were lled and sealed in an inert atmosphere into glass capillaries (diameter, 0.7 mm; wall thickness, 0.01 mm).
For transmission electron microscopy (TEM) observation, a small amount of the sample was placed on a 200 mesh Cu grid coated with a carbon polymer lm in the glovebox. The sample was exposed for 5 s to air during the insertion of the sample holder into the microscope. Images were recorded with an FEI Tecnai 20F (equipped with a Field Emission Gun) and operated at 200 kV in bright eld mode. Elemental analysis was performed with an energy-dispersive X-ray spectrometer (EDX) and an electron energy loss spectrometer (EELS), which were connected to the microscope.
Solid state 11 B magic angle spinning nuclear magnetic resonance (MAS NMR) experiments were performed on a Bruker Avance-400 NMR spectrometer using a 4 mm CP-MAS probe. The 11 B NMR spectra were recorded at 128.38 MHz at 12 kHz sample rotation applying a Hahn echo pulse sequence to suppress the broad background resonance of boron nitride of the probe. Pulse lengths of 1.5 ms (p/12 pulse) and 3.0 ms were applied for the excitation and echo pulses, respectively. 11 B The apparent activation energy (E a ) of hydrogen desorption reaction was determined by using the Kissinger method involving the application of eqn (4).
Here, b is the heating rate, T max is the peak temperature, R is the gas constant and C is a constant. TPD measurements with different heating rates of 2, 5, 10 and 15 C min À1 were accordingly carried out.
Results

Characterization
CA exhibits a porous structure with a surface area (S BET ) of 605 m 2 g
À1
, a total pore volume of 0.52 cm 3 g À1 and an average pore size of 10 nm. Aer inltration with Mg, the pore volume of CA is slightly decreased, as shown in Fig. 1 . The pore volume is reduced to zero in MBH-CA, indicating that the porous structure of CA was destroyed during the ball milling process. The XRD patterns of MH-CA and MH-KS6 before and aer ball milling in B 2 H 6 are shown in Fig. 2 species, which may be formed by a reaction between the newly formed Mg(BH 4 ) 2 compound and B 2 H 6 . The presence of boron in MBH-CA is also conrmed by EELS as shown in Fig. S1 (ESI †). By integrating the individual peak area in Fig. 3(a) , the mass ratio of Mg(BH 4 ) 2 to MgB 12 H 12 is estimated to be 1 to 4.5.
Considering that the initial amount of Mg is 10 wt% in MH-CA, the amount of Mg(BH 4 ) 2 and MgB 12 H 12 in MBH-CA is estimated to be 6 and 27 wt%, respectively, with the remaining 67 wt% being carbon. not successful, due to the presence of unpaired electrons in graphite leading to a loss of the NMR signal.
B MAS NMR measurements on MBH-KS6 were
29,30
Hydrogen desorption properties
The hydrogen desorption behaviors of MBH-CA, MBH-KS6 and two reference samples were examined by TPD and MS. In Fig. 4(a) , the desorption of the bulk Mg(BH 4 ) 2 reference starts from 250 C. The three desorption peaks present within the temperature range of 270 to 400 C apparently correspond to three decomposition steps. 9 Only traces of B 2 H 6 are detected by MS, as shown in Fig. 4(b) . MBH-CA-PM shows a broad desorption peak within the same temperature region as bulk Mg(BH 4 ) 2 .
The hydrogen desorption behaviors of MBH-CA and MBH-KS6 (Fig. 4(a) ) are quite different from those of the reference samples. The desorption of MBH-CA starts around 100 C, approximately 150 C lower than that of bulk Mg(BH 4 ) 2 , which is in good agreement with TG results in Fig. S2 (ESI †). The rst desorption step of MBH-CA occurs at 160 C and the second step at 335 C. The simultaneous MS measurement in Fig. 4(b) reveals that the gas release in the TPD measurement is mainly due to the release of H 2 and only a slight amount of B 2 H 6 is detected. The rst desorption peak of MBH-KS6 is also found at 160 C (Fig. 4(a) (shown in Fig. 4(b) ). The released B 2 H 6 is possibly attributed to physisorption or trapping of B 2 H 6 on carbon during the ball milling process. To verify this hypothesis, pure CA was ball milled under a B 2 H 6 /H 2 and a pure H 2 atmosphere, respectively, and examined by MS. In Fig. 5 To clarify the evolution of the boron species in MBH-CA during the decomposition process, MBH-CA was decomposed at different temperatures and examined by 11 B MAS NMR. As shown in Fig. 3 , the resonance assigned to [BH 4 ] À is present at formed as well. In contrast, the rehydrogenation of bulk Mg(BH 4 ) 2 requires higher pressures (e.g. 900 to 950 bar of H 2 ) and higher temperatures (e.g. 390 to 400 C).
12,29
Fig . 7 shows the hydrogen desorption of the sample rehydrogenated at 270 C. In the 2 nd cycle, less hydrogen is released and the hydrogen desorption temperature is increased to 200 C, indicating the deterioration of the H 2 desorption properties. In addition, desorption of B 2 H 6 was also observed at 120 C, similar to that of the as-synthesized sample (Fig. 4) .
Discussion
Mg(BH 4 ) 2 /carbon nanocomposites were successfully synthesized by ball milling of MgH 2 nanoparticles supported on carbon aerogel in a B 2 H 6 /H 2 atmosphere at room temperature, exhibiting a lower desorption temperature and reversibility under milder conditions as compared to bulk Mg(BH 4 ) 2 .
The reduced hydrogen desorption temperature of MBH-CA is attributed to the formation of nanostructured Mg(BH 4 ) 2 .
Reducing the particle size of hydrides to nanoscale improves the H 2 sorption kinetics and decreases the reaction temperature. [30] [31] [32] [33] [34] The improvement in kinetics by a "nanosize effect" arises from the lowered activation barrier and the shortened diffusion distance of atoms in the nanoscale structures. The activation energies (E a ) of the rst hydrogen desorption step of MBH-CA and bulk Mg(BH 4 ) 2 are compared in Fig. 8 . In the sample MBH-CA, the nanostructured Mg(BH 4 ) 2 shows a markedly lowered E a of 102 AE 6 kJ mol À1 , compared to 340 AE 11 kJ mol À1 for bulk Mg(BH 4 ) 2 .
Possibly due to the accelerated kinetics, the hydrogen desorption process of Mg(BH 4 ) 2 is altered from an apparently 3-step reaction for the bulk Mg(BH 4 ) 2 to a 2-step reaction for MBH-CA. A catalytic effect of the carbon matrix was not found for improving the kinetics in MBH-CA. When carbon aerogel was introduced into bulk Mg(BH 4 ) 2 in the mass ratio of 5 to 1 by ball milling, the hydrogen desorption temperature was only slightly reduced, as observed in the sample MBH-CA-PM (shown in Fig. 4) .
Since the porous structure of carbon aerogel in MBH-CA was destroyed during the ball milling process, a possible effect due to nanoconnement cannot be determined. The newly formed Mg(BH 4 ) 2 is very likely dispersed homogeneously on the non-porous carbon matrix with this synthesis method (see Fig. S1a †) . In this sense, ball milling of MgH 2 supported on nonporous graphite in B 2 H 6 /H 2 could also lead to the formation of nanostructured Mg(BH 4 ) 2 , which is responsible for the hydrogen desorption reaction occurring at 160 C in Fig. 4 . The hydrogen desorption reactions at 285
and 336 C that occur within a temperature range similar to the desorption of bulk Mg(BH 4 ) 2 (Fig. 4(b) ) imply the existence of bulk Mg(BH 4 ) 2 in MBH-KS6. This could be related to the observation of some crystalline MgH 2 in the XRD pattern of MBH-KS6 (Fig. 2) . Fig. 9 summarizes schematically the images of bulk Mg(BH 4 ) 2 , MBH-CA-PM, MBH-KS6 and MBH-CA, and their temperature ranges for hydrogen desorption are compared. Apparently, the smaller the particle size, the lower the desorption temperature; this tendency implies a relationship between particle size and hydrogen sorption performance of Mg(BH 4 ) 2 , similar to the observations in other hydrides such as LiBH 4 31, 35 and MgH 2 .
36 The argument of a nanosize effect may also apply to the improved rehydrogenation performance of MBH-CA. The rehydrogenation reaction of bulk Mg(BH 4 ) 2 from MgB 2 according to eqn (1) needs a high temperature (e.g. 400 C) due to the large kinetic barrier. 12 According to the thermodynamic properties of Mg(BH 4 ) 2 , 6-8 a high hydrogen pressure over 660 bar is required for rehydrogenation at 400 C, as displayed in Mg(BH 4 ) 2 was formed (shown in Fig. 6 ) due to the lower driving force. About 30% of hydrogen can be re-absorbed in the second cycle at 270 C and 150 bar, as shown in Fig. S3 . † The decay in H 2 desorption properties could be attributed to sintering of nanoparticles during the desorption and reabsorption processes, since the pore structure of the carbon matrix in MBH-CA was destroyed by ball milling. However, it is difficult to observe the change in morphology of nanoparticles before (Fig. S1 †) and aer recycling (Fig. S4 †) by TEM, due to the low contrast between carbon, boron and Mg. Despite that, the B 2 H 6 desorption in the 2 nd cycle (Fig. 7) remains at the same temperature compared to the as-synthesized MBH-CA (Fig. 4(b) ), indicating the formation of Mg(BH 4 ) 2 nanoparticles aer rehydrogenation.
Conclusions
We present the synthesis of Mg(BH 4 
